EbrAB in Bacillus subtilis belongs to a novel small multidrug resistance (SMR) family of multidrug efflux pumps. EmrE in Escherichia coli, a representative of SMR, functions as a homo-oligomer in the membrane. On the other hand, EbrAB requires a hetero-oligomeric configuration consisting of two polypeptides, EbrA and EbrB. Although both polypeptides have a high sequence similarity, expression of either single polypeptide does not confer the multidrug-resistance. We performed mutation studies on EbrA and B to determine why EbrAB requires the hetero-oligomerization. Mutants of EbrA and B lacking both the hydrophilic loops and the C-terminus regions conferred the multidrug-resistance solely by each protein. This suggests that the hydrophilic loops and the C-terminus regions constrain them to their respective conformations upon the formation of the functional hetero-oligomer. 2
Introduction
The small multidrug resistance (SMR) family consists of small membrane proteins that extrude various toxicants from cells by utilizing the proton gradient across the membrane [1] . SMR proteins are widespread in bacteria and archaebacteria including pathogenic organisms and have several unique characteristics [2] : they are only 100-120 amino acids long, forming four tentative transmembrane α-helices, and have very high hydrophobicity, making them soluble in an organic solvent [1, 3] . Many aspects of SMR proteins have been clarified so far through studies on EmrE, the SMR representative, in E. coli. It has been shown that EmrE functions in an oligomeric state [4] [5] [6] [7] [8] . This is consistent with the results of electron and X-ray crystallographic studies [9] [10] [11] [12] . Although structures proposed by these studies are different, both reveal the dimer as a repetitive unit in the crystal, and of interest, the dimer shares a unique feature that EmrEs form a homo-dimer with an asymmetric structure.
EbrAB and YkkCD in B. subtilis belong to a novel SMR 3 family [13, 14] . These proteins are encoded from a gene pair [14] . In these SMR pairs, one member is commonly shorter (105-109 residues), while the other is longer (109-121 residues) due to the hydrophilic C-terminus 4 extension. Moreover, the shorter member has hydrophilic regions in tentative loops, while the longer member and other SMR homologues do not. We thus focus on these hydrophilic regions and examine the roles of their hydrophobicities in the efflux function by using a mutation approach. The resulting EbrA and B mutants are functional solely by the expression of each single member. ebrAB, the ebrA sense and ebrB antisense primers. The PCR products were restricted, and the resultant DNA fragments were ligated to the Nde I and Sal I sites of pFLAG-CTC (Sigma).
The DNA sequences were determined using a standard procedure (377 DNA sequencer, Applied Biosystems). Except for the primer regions, the obtained sequences were the same as those in the GenBank database. The plasmids constructed for the respective expressions of EbrA and B were used as templates for the following mutations. in the loop regions, the addition of three residues of KAH to their C-terminuses. The plasmid of EbrA mutated in the loops was used as a PCR template for its C-terminus mutation. The mutations introduced into the plasmids were confirmed by DNA sequencing to ensure that no other mutations occurred.
Ethidium efflux assay in E. coli cells
Ethidium is a representative substrate of SMR proteins.
We measured the ethidium efflux activities of cells harboring various types of plasmids using the method of Masaoka et al. [13] with a few modifications. The pFLAG-CTC plasmid with no insert was used for a negative control. The expression host was E. coli strain AS1, which lacks AcrA, a subunit of a major 8 multidrug efflux transporter. Cells were grown at 37 o C in LB broth [15] supplemented with 100 μg/ml of ampicillin. The precultures were prepared by growing the cells until the optical density at 660 nm was between 0.5 and 0.7 and were then stored at 4 o C. The next day, the main cultures, supplemented with 10 μM of IPTG, were inoculated with 0.5% preculture. The IPTG concentration we used (10 μM) led to strong efflux activity in the cell harboring the EbrAB plasmid without significant hindering of the growth. After 6-hour incubation, the optical density at 660 nm was 0.4 to 0.9. The cells were then harvested by centrifugation.
In the following procedure, the minimum medium derived from M9 [15] was used as a basal medium, which lacked glucose and was supplemented with 0.1 mM of CaCl 2 , 0. 
Drug susceptibility test
Drug assay plates were prepared with LB agar containing 50 μg/ml of ampicillin, 10 μM IPTG, and various concentrations of drugs. E. coli AS1 cells harboring various plasmids were grown in the above LB medium lacking drugs at 37 o C until the optical density at 660 nm was between 0.2 and 0.4. These cultures were diluted in the same medium at the optical density of 0.005 at 660 nm, and 5 μl of the samples were plated on the drug assay plates. These plates were incubated at 37 o C for 11 h, and thereafter the growth was evaluated.
SDS-PAGE analysis of E. coli membrane fractions
Cells grown using the same procedure for ethidium efflux assay were harvested and washed twice with a buffer solution containing 400 mM of NaCl and 50 mM of sodium phosphate (pH 7.0). The cells were resuspended in the same buffer and disrupted by sonication. The membrane fraction was collected by ultracentrifugation at 106,000 × g for 1.5 h at 4 o C and analyzed by tricine-SDS-PAGE with 4% acrylamide stacking and 16.5% acrylamide separating gels. 11 
Results and Discussion
Four pairs of SMR homologues encoded in distinct operons are reported in B. subtilis (EbrAB, YkkCD, and YvdRS) and E. coli (YdgEF) [14] . Because the pair consists of two components, we call the short and long members of these SMR pairs EbrA and EbrB homologues, respectively. In addition, the SMR proteins solely encoded in the respective operon are called EmrE homologues. The most distinct difference among these groups is seen in the C-terminus region. The EbrB homologues have many charged residues at their prolonged C-terminus, while the EmrE homologues have only one or two charged residues in this region. 12 The To evaluate the hydrophobicity differences in the loop and C-terminus regions of these three groups, we created their hydrophobicity plots. As shown in Fig We also constructed five EbrA mutants. The target regions for the mutations are shown in Fig. 4A . We constructed EbrA mutants having loop and C-terminus regions identical with those of EbrB(C). Figure 4B shows the hydrophobicities for EbrA, EbrB(C), and the EbrA mutant in three regions of loops 1-2 and 3-4 and the C-terminus. With mutation in all three regions, the hydrophobicity is close to that of EbrB(C) over the entire protein.
The ethidium efflux activities of the cells harboring
EbrA mutant plasmids are shown in Fig. 5 . The mutations in single regions, i.e., the C-terminus (EbrA(C)), loop 3-4 (EbrA(L34)), and loop 1-2 (EbrA(L12)), did not confer strong 16 efflux activity on the cells. However, simultaneous mutations in two loops or all three regions (EbrA(L12,34) and
EbrA(L12,34,C)) remarkably increased the efflux activity of the cells.
In Fig. 6 , Additional mutation at the C-terminus further improved the activity.
We also tested the abilities for cellular resistance to toxic compounds by the cells harboring various plasmids. represents the mean ± SD for between three and six measurements.
With only the C-terminus truncation, EbrB was able to confer high efflux activity on the cells. For EbrA, on the other hand, 33 mutations in both loops 1-2 and 3-4 conferred high efflux activity. Improvement in activity came from additional mutation in the C-terminus region. - 
